it is shown that the oscillations that are often observed in the population relaxation of the dimer composed of sites one and two may be completely suppressed in the eight site model. The presence of the coherent oscillations is shown to depend upon the particular initial preparation of the dimer state. Secondly it is demonstrated that while the presence of the eighth chromophore does not cause a dramatic change in the energy transfer efficiency, it does however lead to a dominant energy transfer pathway which can be characterized by an effective three site system arranged in an equally-spaced downhill configuration. Such a configuration leads to an optimal value of the site energy of the eighth chromophore which is shown to be near to its suggested value. Finally we confirm that the energy transfer process in the eight site FMO complex remains efficient and robust. The optimal values of the bath parameters are computed and shown to be closer to the experimentally fitted values than those calculated previously for the seven site system.
I. INTRODUCTION
The Fenna-Matthews-Olson (FMO) protein is one of the simplest and most well-studied light harvesting systems. The protein complex exists as a trimer of three identical subunits whose function is to link the chlorosome antenna complex, where light-harvesting takes place, with the reaction center, where charge separation occurs. FMO is also one of the earliest light harvesting systems for which a high resolution crystal structure has been obtained.
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This early crystal structure indicated that each of the three FMO subunits contains seven Bacteriochlorophyll (Bchl) chromophores which serve as the primary energy transfer pathway between the chlorosome and the reaction center.
2-5 Recently, however, a more careful crystallographic analysis of of FMO has been performed which demonstrates that the individual subunits contain eight Bchls, not seven. 6, 7 The eighth Bchl resides on the surface of the protein complex and it has been suggested that this additional chromophore is often lost during sample preparation.
From an energy transfer perspective, the presence of an additional chromophore may challenge current understanding of how exciton transfer occurs in FMO. For example, in many previous studies on the seven Bchl complex, it is thought that two nearly independent energy transfer pathways exist. [8] [9] [10] [11] [12] Sites one and six are approximately equidistant from the antenna complex and both are assumed to be possible locations for accepting the excitation from the chlorosome. From there, the energy is subsequently funneled either from site one to two (pathway 1) or from site six to sites seven, five, and four (pathway 2). The terminal point through either route is site three where the exciton is then transferred to the reaction center (see Fig. 2(a) ). The couplings within each of the pathways are much larger than the couplings between the two which implies that the two routes are nearly independent. 9, 12, 13 In the second paper of this series, the two pathways and the respective probability of traversing each have been quantified using a flux analysis.
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However, this two pathway picture is not entirely consistent with the recent experimental data. The new crystal structure indicates that the eighth chromophore resides roughly midway between the baseplate and the Bchl at site one. 6, 7, 14 Additionally, Renger and coworkers argued in Ref.
14 that the eighth Bchl provides the most efficient path for exciton injection into FMO as a result of its position and orientation with respect to the chlorosome. If this is correct and site eight serves as the primary acceptor of excitation energy from the chloro-some, then a preferential energy transfer route emerges through pathway 1. Due to the weak inter-pathway couplings, the secondary channel involving the remaining four chromophores in pathway 2 is largely bypassed in this scheme. This observation may have a significant impact on the efficiency and robustness of the energy transfer process. The main objective of this work is to address this issue by exploring how the dynamics and the energy transfer efficiency in FMO are affected by the presence of the eighth site and a realistic environment.
The first major conclusion of the present study is related to the population dynamics in FMO. In many of the the previous studies of the seven site model of FMO, the population relaxation dynamics are modeled with site one or site six initially populated. [8] [9] [10] [11] Under either of these initial conditions, pronounced oscillations in the short-time dynamics are observed. However when site eight is initially excited, 14 then the oscillations in the populations are completely suppressed. This lack of oscillations has been independently observed in the dynamics recently reported in Refs. 14-16. Here, we provide a simple explanation for this behavior. The eighth Bchl maintains a large energy gap with the other seven sites in FMO in order to facilitate efficient directed energy transport. However, it is also rather weakly coupled to the remaining Bchls. This leads to a slow incoherent decay of the initial population at site eight, and hence a broad distribution of initial conditions at the dimer.
The consequence of this result is that the population oscillations generally observed between sites one and two are completely suppressed which illustrates the importance of the initial conditions on the dynamics of the dimer.
The second key result of this work demonstrates that if the eighth Bchl is the primary acceptor of excitation energy from the chlorosome as recently proposed then a primary energy transfer pathway in FMO does indeed emerge. 14 Note that this situation is substantially different from the previous interpretations of the energy flow in the seven site models where two independent pathways are generally assumed to exist. The extent of this effect and its impact on the energy transfer efficiency is quantified by introducing reduced models of FMO that consist of only a subset of the sites in the full system. It is demonstrated that sites eight, one, two and three which constitute pathway 1 provide the largest contribution to the dynamics of the full system. The remaining four sites of pathway 2 are seen to play a relatively small role. Despite the fact that only a single pathway dominates the energy transfer process, we also show that the presence of the extra Bchl does not significantly impact the efficiency or robustness of FMO. The eight site model leads to only a slight increase in the transfer time as compared with the seven site system, and thus maintains the same high efficiency as observed in previous studies of FMO.
Based upon energetic arguments, it has been suggested that the presence of the eighth Bchl leads to optimal energy transfer in FMO.
14 That is, its location near the chlorosome allows for a large coupling to the antenna complex as well as substantial overlap of the absorption spectrum of the eighth Bchl with the fluorescence spectrum of the chlorosome.
These factors result in efficient transfer of the excitation energy into FMO while simultaneously allowing the eighth chromophore to maintain a large energy gap with the remaining Bchls and hence a favorable energy transport landscape. These features implicitly suggest that there should be an optimal value of the site energy of the eighth Bchl. Here it is demonstrated that this observation is correct. However, in this case, the behavior is independent of the presence of the chlorosome, and can be understood by considering a further reduction pathway 1 to only three sites. The result of this procedure is a downhill configuration of three equally spaced sites (see Fig. 2 (c)) which is known to allow for highly efficient energy transfer.
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Recently, several studies have shown that the environment does not have an entirely destructive role in the energy transport properties of excitonic systems. 11, 12, [18] [19] [20] Instead, the environment can serve to enhance both the efficiency and robustness of the energy transfer process. Optimal values have been shown to exist for the temperature as well as other bath parameters which maximize the energy transfer efficiency in several light harvesting systems. Moreover, the experimentally fitted model parameters for FMO are near optimal in many cases. An extensive search for the optimal environmental parameters has been recently presented in Refs. 11 and 21. In addition to the above findings, we also explore the effect of the eighth Bchl on the environmentally assisted energy transport properties in FMO. It is found that the optimal values of the bath parameters are similar to those found in the seven site model, but are closer to the experimental values in general. As has been observed before, the energy transfer efficiency is relatively stable over a broad range parameters illustrating the robustness of the network.
11
In the next section, we present the average trapping time formalism which is used in the remainder of the discussion as a measure of the energy transfer efficiency. 11, 22 II. METHODS
A. Average Trapping time
The formalism for calculating the averaging trapping time in light harvesting systems has been presented in detail previously in Refs. 17 and 11. Here we provide only the salient results. The total system is characterized by a discrete N-site system Hamiltonian, H s and its interaction with the environment, H sb . Each site of the system is coupled to an independent bath of harmonic oscillators with the respective Hamiltonians,
The total Hamiltonian is then given by,
where c (n) j denotes the coupling coefficient of site n to the j-th mode of its associated bath. The values of the site energies, ǫ n , and couplings constants, V nm , are specified below in Sec. II D.
The time evolution of the reduced density matrix of this system can be conveniently described in the Liouville representation as,
where
describes the coherent evolution under the bare system Hamiltonian H s . In light harvesting systems, the energy flows irreversibly to the reaction center which is modeled here through the trapping operator [L trap ] nm,nm = (k tm + k tn ) /2, where k tn denotes the trapping rate at site n. The energy transfer in FMO exhibits almost unit quantum yield.
As a result, the decay rate of the excitation at any site to the ground state, k d , is expected to be much smaller than the trapping rate, k t ≫ k d . This allows for the simplification
B. Generalized Bloch-Redfield Equation
It remains to account for the Liouville operator describing the system-bath coupling L sb in Eq. 2. For a harmonic bath linearly coupled to the system, the time correlation function of the bath coupling operators is given by the standard relation 
is the spectral density of the bath. For simplicity, we assume the spectral density is the same for each of the independent baths and given by the Drude form
where λ is the bath reorganization energy and ω c is the Debye cutoff frequency. For this special choice, the correlation function may be expanded in terms of the Matsubara frequencies,
, as 11,23,24
which defines the complex expansion coefficients α j with the condition ν 0 = ω c .
The dynamics in FMO have been computed using a variety of methods ranging in both accuracy and cost. 9,10,13,15,21,25 Here, we choose the approximate generalized Bloch-Redfield (GBR) method which follows from a second order cumulant expansion in the system-bath interaction. It provides an accurate, but computationally friendly approach for the propagation of the density matrix over much of the physically relevant parameter space. 11, 22 Due to the decomposition of the bath autocorrelation function in Eq. 5, the system-bath interaction may be accounted for through the introduction of auxiliary fields. The GBR equation of motion for the reduced density matrix is then given by
The coupling of each Bchl to an independent bath leads to the additional sum over the N sites where the system operator A n = |n n| and g n,j denotes the jth-auxiliary field coupled to site n. The auxiliary variables are subject to the initial conditions g n,j (0) = 0 and obey the equations of motion,
where the plus subscript denotes anti-commutation.
C. Trapping Time
The mean residence time at site n is by definition
where ρ nn denotes the population at site n. The average trapping time is then given simply as the sum of the residence times at each of the N sites, t = N n=1 τ n . Invoking the steady state solution of Eq. 2, L tot t = ρ(0), then the average trapping time is given by the compact expression,
where the trace is taken over the site populations of the reduced density matrix.
D. Eight Site FMO model
The Hamiltonian for FMO is constructed from the crystal structure recently deposited in the protein data bank (pdb code: 3eoj). 7 The site energies are taken from those computed in
Ref.
14 and the coupling element between sites n and m is calculated from the dipole-dipole approximation,
Additional details and the explicit system Hamiltonian are given in the Appendix. Aside from the eighth site, the most significant difference between the present model Hamiltonian and the model previously derived by Cho et al. 26 is in the energy difference between sites one and two. In the current case, the energy transfer through pathway 1 is entirely energetically favorable whereas a barrier is present between site one and two in the model of Ref. 26 . 
8,26
Additionally the temperature is 300 K and the trap is located at site three with a trapping rate of k t = 1 ps −1 .
III. NUMERICAL RESULTS

A. Population Dynamics and suppression of the oscillations
The time evolution of the populations in the eight site model of FMO calculated from Eq. 2 using the GBR is shown in Fig. 1 In order to analyze the influence of the initial conditions in more detail, the dynamics of the dimer calculated using the NIBA are presented in Fig. 1(c) 
where P n (t) denotes the population of site n at time t. The elements of the time-dependent transition matrix are constructed in the standard fashion
where δ nm is the Kronecker delta function and the individual rate kernels are given by the NIBA W nm (t) = 2 V 2 nm e i(ǫn−ǫm−2λ)t−2C(t) .
As defined previously, the coupling between site n and m is denoted by V nm , ǫ n is the energy of site n, λ is the reorganization energy, and C(t) is the bath correlation function given in Eq. 5. The results shown in Fig. 1(c) are calculated from Eq. 11 with the initial population located at site one and are seen to capture the key features of the full GBR dynamics shown in Fig. 1(a) . The decay is accounted for by setting the transfer elements K n1 and K n2 to zero for all sites n > 2 which allows for population transfer from the dimer to the remaining Bchls, but prevents any back-transfer. Effectively this results in the addition of traps at sites one and two and thus leads to the population decay of the dimer. Without this decay, the two-site dynamics reproduce those of Ref. 25 .
As has been alluded to previously, the lack of oscillations in the dimer when the initial population is located at site eight may be explained by creating a distribution of initial conditions at site one. All of the population is initially located at site one in Fig. 1(a) , whereas in Fig. 1(b) , the corresponding initial conditions are given by the population that steadily flows from site eight. This slow incoherent decay of the population at site eight may be adequately fit to the single exponential P 8 (t) = exp(−γt) where γ = 3 ps −1 . Assuming that site eight decays only into site one, then the population of the latter is given by 1−P 8 (t), and the corresponding transition rate is W 81 (t) = γ exp(−γt). The influence of site eight on the oscillatory behavior of the dimer can then be captured by convoluting the dynamics given in Fig. 1 (c) (denoted by P n (t)) with this initial condition,
The result of this procedure is shown in Fig. 1(d) . As is evident, the oscillatory behavior has completely disappeared. For large γ, the transition rate becomes a delta function and the dynamics of Fig. 1(c) are recovered. However, oscillations in the populations of both states can be observed only if the decay rate out of site eight is increased fivefold. The presence or absence of the trap simply effects the long time decay of the dimer populations and is irrelevant for the short time oscillatory behavior. These results demonstrate the importance of the initial preparation of the populations on the oscillations in the dynamics.
It should be noted that while the NIBA calculations lead to qualitatively similar population dynamics as those given by the GBR, neither of the two approaches are exact. In FMO and other light harvesting systems, many of the model parameters are of the same order of magnitude. For instance, the couplings, V nm , and energy differences, ǫ n − ǫ m , as well as the reorganization energy, λ, and thermal energy, β −1 , are all of comparable magnitude. As a result, methods based upon second-order perturbation theory are, in general, insufficient to quantitatively describe the dynamics. A systematic procedure for computing higher-order contributions to the NIBA rates has been derived and recently implemented. 
B. Pathway analysis and the ladder configuration
Regardless of the presence or absence of oscillations, it is readily seen from Fig. 1(a) and (b) that the population primarily flows through pathway 1. Among the sites in pathway 2, only site four ever accumulates more than ten percent of the population. Particularly for times less than 500 fs, the sites from pathway 2 are scarcely populated.
Similar behavior of the population dynamics has been seen in many other simulations of the seven site model for FMO. 9,10,13-16 These observations lead to the first reduced model for FMO which consists of only the four sites in pathway one shown in Fig. 2(b) . As demonstrated below, this model is able to accurately capture the key features of the energy transfer process. One may proceed further by noting that sites one and two are coupled more strongly than the energy difference between the two. Additionally, sites eight and three are widely separated from either site in the dimer. The couplings between the distant sites and dimer are also rather weak (see values in the model Hamiltonian in Eq. 15 and Fig. 2(b) ). As a result, there can be rapid coherent energy transfer between sites one and two, whereas the transfer to sites eight or three will be comparatively slow. Therefore, when the initial population is located at site eight we may simply assume that these two sites of the dimer behave as one effective site with an energy that is the average of the two (270 cm −1 ). A similar "mean state" idea for developing this type of reduced model has been suggested in Ref. 34 which explores the behavior of a dimer embedded in the PC645 photosynthetic network. Furthermore, the coupling between site eight and the terminal site, three, is negligibly small. This leads to a three site model for FMO where the couplings are determined by the nearest-neighbor values as shown in Fig. 2(c) .
C. Site Energy of Bchl 8 by the sites in pathway 1. The second feature is that an optimal value exists for the site energy of Bchl 8, and moreover, the optimum is near the fitted value determined in Ref.
14.
The source of the latter is the highly efficient ladder configuration shown in Fig. 2(c) .
The main portion of These results demonstrate that the energy transport is dominated by a subset of the sites in FMO and furthermore that the mechanism is correctly described by Förster theory. The four site model correctly describes the qualitative features seen in the full system and it accounts for the majority of the trapping time. Of the remaining sites in Fig. 1 , site four was seen to have the largest impact on the population relaxation. Calculations that consist of pathway 1 plus site four are seen to capture almost all of the behavior seen in the full eight site system.
In Ref. 14, it was noted that the site energy of Bchl eight maximizes the overlap with the chlorosome emission spectrum while simultaneously maintaining a large energy gap with the remaining seven core Bchls. This indicates that there should be an optimal value of the site energy of Bchl eight. In addition to the observation that the trapping time behavior may be captured by a simplified model of FMO, there is another interesting feature seen in Fig. 3 . The trapping time displays a minimum as a function of the energy of the eighth site for all of the constructed models. Moreover, for the eight site model, the optimal value of the site energy is rather close to the fitted value of 505 cm −1 . 14 Increasing the energy difference between site eight and site one decreases the back-transfer rate, but also decreases the spectral overlap between the two. The position of the optimal value is no coincidence.
The three-site model in Fig. 2 (c) readily demonstrates that this particular choice for the site energy leads to a downhill configuration of three sites that are approximately equally-spaced and equally-coupled which is known to be very efficient. 17 The qualitative behavior of the trapping time in the full, complicated eight site system becomes obvious with the aid of the reduced models. Note also that the average trapping time varies little over a large range of values of the energy of site eight indicating the robustness of the energy transfer process.
Below it is demonstrated that many of the other fitted parameters are near optimal as well.
D. Optimal Bath Parameters
The average trapping time calculated as a function of the reorganization energy is shown in Fig. 4(a) and (b) . Fig. 4(a) varies the reorganization of all eight sites simultaneously (in this model all chromophores are assumed to have identical environments) whereas (b)
varies only that of site eight while keeping all of the others at the fitted value of 35 cm −1 .
In order to demonstrate that the presence of the additional chromophore does not lead to a dramatic increase in the trapping time, two different initial conditions are taken with either site one or site eight initially excited. As expected, a slightly larger trapping time is observed with the initial population at site eight due to the larger distance to the trap. However, the difference between the two scenarios is not substantial. Additionally, the qualitative behavior of the two initial conditions is quite similar and both lead to an optimal value of the reorganization energy that is close to the experimentally fitted value of 35 cm −1 . It has been proposed from recent numerical simulations that the reorganization energy in FMO
should be approximately twice as large as the experimentally fitted value used here. 35 The optimal values of λ in Fig. 4(a) With these specifications, the system Hamiltonian (in cm −1 ) for the eight site model is 37.5 7.9 1.5 −1.7 4.5 −9.7 −11.4 505.0
where the zero of energy is 12195 cm −1 . Note that there is an error in the sign of the coupling between sites one and two in the 
